Co-evolution with their hosts has provided pathogenic microorganisms with an impressive capacity to beneficially exploit cellular functions. Increasing evidence reveals the ability of pathogens to modulate host immunity, preventing the induction of an efficient immune response that may contribute to the clearance of primary infection and/or protection from reinfection. Whereas multiple viral mechanisms divert functions of DCs and B and T lymphocytes, a direct targeting of the adaptive immune system by pathogenic bacteria has only recently become of interest ([@bib22]; [@bib18]; [@bib55]).

Virulent *Shigella flexneri* are highly contagious Gram-negative enteroinvasive bacteria that cause bacillary dysentery. In malnourished children in the developing world, untreated infections can be fatal. The invasive phenotype of *Shigella* relies on the presence of a type three secretion apparatus (T3SA), a needle-like structure used to translocate effector proteins from the bacterial cytoplasm to the membrane and cytoplasm of the host cell. Virulence effectors that are substrates of the T3SA manipulate host cell functions and promote the establishment of the bacterial infection ([@bib45]). An increasing amount of evidence suggests that *Shigella* creates a strong immunosuppressive environment in the course of infection. Antibody-mediated protection arises only after several episodes of infection, is of short duration, and is poorly efficient in limiting reinfection, particularly in young children ([@bib50]; [@bib49]). Some reports indicate that *Shigella*-induced acute inflammation contributes to the acquired profile of the adaptive immune response, i.e., by the production of immunosuppressive cytokines and the induction of immune cell death in the lamina propria (LP; [@bib24]; [@bib48]; [@bib64]; [@bib56]).

However, subversion of host acquired immunity as a consequence of direct interactions between *Shigella* and DCs or T or B lymphocytes has thus far been poorly investigated. Such interactions may take place in colonic isolated lymphoid follicles (ILFs) after *Shigella* crosses the intestinal barrier via M cells located within the follicle-associated epithelium, in the LP, and within mesenteric LNs ([@bib46]; [@bib55]). In vitro studies have shown that *Shigella* triggers rapid DC pyroptosis and apoptosis ([@bib14]; [@bib27]). We recently demonstrated that *Shigella* invades activated human CD4^+^ T cells in vitro and inhibits T cell migration toward a chemoattractant stimulus dependent on the virulence effector IpgD ([@bib28]). Additionally, *Shigella* impairs T cell dynamics in vivo within the site of adaptive immunity priming, i.e., the LN ([@bib53]). Interactions of *Shigella* with B cells, the lymphocyte population which confers protection against reinfection ([@bib11]; [@bib43]; [@bib2]; [@bib56]), have not yet been investigated.

B lymphocytes have long been regarded as a simple antibody production unit but are now emerging as key players in adaptive, as well as innate, immune responses ([@bib65]). They express TLRs and integrate signals from microbial products with B cell receptor signaling and cognate T cell help during the generation of an antibody response ([@bib52]; [@bib47]; [@bib51]). Different B cell subsets express variable levels of TLRs and can respond differently to their ligands, ranging from sustained proliferation, differentiation, and antibody production to the development of immunosuppressive functions ([@bib23]; [@bib36]; [@bib13]; [@bib31]; [@bib66]). Considering the close interplay of innate and adaptive pathways in B cell responses and the significant role of B cells in infection and protection, it is not surprising that pathogens have been shown to directly interact with and manipulate B lymphocytes. For instance, certain viruses and parasites induce "diluted" polyclonal antibody responses that confer little protection ([@bib41]; [@bib40]; [@bib1]; [@bib34]). However, few reports have addressed a direct targeting of B lymphocytes by bacterial pathogens ([@bib25]; [@bib62]; [@bib60]).

To investigate the impact of *Shigella* on B lymphocytes, the current study was aimed at characterizing the outcome of *S. flexneri*--B cell cross talks, using ex vivo, in vivo, and in vitro infection models. We demonstrate that *S. flexneri* targets B cells and induces cell death. Besides the cell death induced in *Shigella*-invaded B lymphocytes, we report a mechanism that is independent of invasion or translocation of virulence effectors but dependent on the T3SA virulence factor IpaD. We provide evidence that bacterial co-signals sensitize B cells to apoptosis and up-regulate *tlr2*, and subsequent binding of IpaD to TLR2 triggers an apoptotic B cell death. These findings reveal a surprising outcome of TLR2 signaling in B cells, adding to the diversity of mechanisms used by *Shigella* to manipulate the adaptive immune response and providing novel insights into the manipulation of B cell responses by bacterial pathogens.

RESULTS
=======

*S. flexneri* interacts with and occasionally invades B lymphocytes upon ex vivo infection of human colonic tissues
-------------------------------------------------------------------------------------------------------------------

To assess whether or not *S. flexneri* comes into contact with B lymphocytes upon infection, we used an ex vivo infection model of human colonic tissue to mimic the natural environment in which the bacterium triggers its infectious process ([@bib12]). Human colonic tissue pieces were incubated for 6 h with WT, invasive *S. flexneri*, or a noninvasive *S. flexneri* mutant, which is unable to assemble the T3SA (T3SA^−^ or *mxiD* mutant). Immunohistochemistry of the infected tissues showed that WT but not T3SA^−^ bacteria breached the epithelial barrier ([Fig. 1, A and B](#fig1){ref-type="fig"}). Confocal analysis of fixed whole-mount tissues revealed that WT *S. flexneri* came into contact with LP B cells at sites of epithelial destruction ([Fig. 1, C and C′](#fig1){ref-type="fig"}). For confocal analysis deeper within the tissue, we used 150-µm-thick transversal vibratome sections and found WT *S. flexneri* within ILFs both in contact with and intracellular within B cells ([Fig. 1, D and E](#fig1){ref-type="fig"}; and [Video 1](http://www.jem.org/cgi/content/full/jem.20130914/DC1){#supp1}). These findings indicate that invasive *Shigella* interacts with and may invade B lymphocytes upon crossing of the epithelial barrier.

![***S. flexneri* interacts with and invades B lymphocytes upon ex vivo infection of human colonic tissue.** (A and B) Fluorescence microscopy of histological analysis. T3SA^−^ bacteria were found attached to the epithelium (A), whereas WT bacteria ruptured the epithelial barrier and got access to underlying tissue (B). (C) Confocal imaging of whole-mount tissue infected with WT bacteria, with top view (C) and orthogonal slice (C'). Reflection is shown in gray and crypts are outlined with a dashed line. (D and E) Confocal imaging of isolated lymph follicles in 150-µm-thick tissue sections, with top view (D) and orthogonal slices (E). Bacteria were stained with an antibody specific for *S. flexneri 5a* (red), B cells with anti-CD20cy (membrane receptor, green), and DAPI nuclei staining is shown in blue. Arrows point to bacteria. Bars: (A and B) 50 µm; (C and C') 40 µm; (D) 20 µm; (E) 5 µm.](JEM_20130914_Fig1){#fig1}

*S. flexneri* induces human B lymphocyte cell death in vitro
------------------------------------------------------------

To characterize *Shigella*--B lymphocyte interactions further, we analyzed the outcomes of infection using the CL-01 B cell line, a germinal center B cell line ([@bib10]) which we found to express IgA (unpublished data). Cells were infected in vitro at a multiplicity of infection (MOI) of 50 for 30 min before addition of gentamicin to kill all extracellular bacteria. As shown in [Fig. 2 A](#fig2){ref-type="fig"}, after infection with WT and T3SA^−^ bacteria, a significant reduction in cell number was observed at 24 h post infection (p.i.) with WT bacteria only and at 48 h p.i. with both strains, although greater with WT bacteria. As proliferation was similarly reduced upon infection with both strains (unpublished data), the T3SA-specific drop in cell number was not due to an impairment of cell proliferation. Instead, we observed a T3SA-specific induction of cell death, as the percentages of PI^+^ (propidium iodide--positive) cells were significantly increased upon infection with the WT strain as compared with the T3SA^−^ strain at 24 and 48 h p.i. ([Fig. 2 B](#fig2){ref-type="fig"}). The induction of this T3SA-dependent cell death by WT bacteria is summarized in [Fig. 2 C](#fig2){ref-type="fig"} by presenting the reduction of cell number (WT = 0.6× T3SA^−^) and the induction of PI^+^ cells (WT = 2× T3SA^−^) as values normalized to the T3SA^−^ mutant. To assess if cell death was related to the ability of WT bacteria to invade B cells, CL-01 cells were infected as described above with GFP-expressing T3SA^−^ and WT bacteria. Invasion was monitored by flow cytometry, focusing on GFP^high^ cells, which have previously been reported to represent cells containing multiple intracellular bacteria ([@bib9]; [@bib28]). No GFP^high^ CL-01 B cells were observed upon incubation with T3SA^−^ bacteria, whereas ∼8.5% of the B cell population was found to be GFP^high^ upon infection with WT bacteria at 5 h p.i. ([Fig. 2 D](#fig2){ref-type="fig"}), confirming that invasion was dependent on T3SA activity. At 24 h p.i, the GFP^high^ cells were found to be PI^+^ ([Fig. 2 D](#fig2){ref-type="fig"}), indicating that *Shigella* invasion led to B cell death. Consistently, no intracellular bacteria were detected at 24 h p.i. in the gentamicin invasion assay, whereas the number of intracellular WT bacteria increased at earlier time points, revealing bacterial proliferation inside B cells ([Fig. 2 E](#fig2){ref-type="fig"}). Despite only ∼8.5% of the CL-01 cell population being invaded ([Fig. 2 D](#fig2){ref-type="fig"}), cell death was induced in ∼15 and 20% of the B cells at 24 and 48 h p.i., respectively ([Fig. 2 B](#fig2){ref-type="fig"}). This was neither due to the presence of live, extracellular bacteria, which were killed upon gentamicin treatment, nor to cell-to-cell dissemination given the similar rate of cell death detected upon infection with a nonspreading *icsA* mutant (unpublished data). Altogether, these results indicate that *S. flexneri* triggers T3SA-dependent B lymphocyte death in vitro in both invaded and noninvaded human B cells.

![***S. flexneri* induces B cell death dependent on the T3SA in vitro.** The human IgA^+^ CL-01 B cell line was infected for 30 min with WT or T3SA^−^ bacteria before addition of gentamicin. (A) Count of in vitro*--*infected human CL-01 B cells over time. Asterisks indicate statistical difference to the uninfected control. (B) Percentages of in vitro--infected PI^+^ human CL-01 B cells over time. Asterisks indicate statistical difference to the uninfected control. (C) Fold changes of live cell number and percentage of PI^+^ cells are presented for WT infection over infection with the T3SA^−^ mutant as normalized values. Asterisks indicate statistical difference to the T3SA^−^ strain. (D) Flow cytometry analysis of cells infected with GFP-expressing bacteria. GFP^high^ PI^−^ B cells were detected 5 h p.i. with WT, but not T3SA^−^ bacteria (P \< 0.001), representing 8.47 ± 1.1% (mean ± SEM) invaded cells. At 24 h p.i., GFP^high^ cells are PI^+^. (E) Invasion assay for CL-01 B cells. The number of CFUs per 3 × 10^5^ infected cells is presented for WT and T3SA^−^ bacteria at 2, 4, 6, and 24 h p.i. Three independent experiments were performed in triplicate for A--E and data are presented as mean ± SEM. Statistically significant differences were determined by two-way ANOVA with Bonferroni post-test. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20130914_Fig2){#fig2}

*S. flexneri* induces murine B lymphocyte death in vivo
-------------------------------------------------------

A murine model of footpad infection with WT and T3SA^−^ bacteria was performed as previously described ([@bib53]) to assess the potential induction of B cell death by *S. flexneri* in vivo. Consistent with the priming of an immune response, the total cell number increased in the draining LNs of infected mice as compared with uninfected ones, with no difference between WT and T3SA^−^ bacteria ([Fig. 3 A](#fig3){ref-type="fig"}). In contrast, despite an increase of the percentage of CD19^+^ B lymphocytes upon infection, the B cell compartment was significantly reduced in LNs upon infection with WT bacteria as compared with the T3SA^−^ strain ([Fig. 3 B](#fig3){ref-type="fig"}). Accordingly, WT bacteria induced higher B cell death than the T3SA^−^ strain ([Fig. 3 C](#fig3){ref-type="fig"}). Differences in the percentages of CD4^+^ T lymphocytes inversely correlated with the percentages of CD19^+^ cells, indicating that the reduction of the cellular compartment was specific to B lymphocytes ([Fig. 3 D](#fig3){ref-type="fig"}). Similar bacterial counts were detected in the LNs after infection with either *Shigella* strain ([Fig. 3 E](#fig3){ref-type="fig"}). *S.* *flexneri* thus causes murine B cell death in vivo in a T3SA-dependent manner.

![***S. flexneri* induces B cell death dependent on the T3SA in vivo.** (A) Total cell count in murine LNs after footpad infection with *S. flexneri*. Cells were counted 24 and 48 h after WT and T3SA^−^ infection. (B) Percentages of CD19^+^ B cells in murine popliteal LNs 24 and 48 h after footpad infection. (C) Percentages of PI^+^ CD19^+^ B cells in murine popliteal LNs 48 h after footpad infection. (D) Percentages of CD4^+^ T cells in murine popliteal LNs 48 h after footpad infection. (E) Number of CFUs for WT and T3SA^−^ bacteria in murine LNs 48 h after footpad infection. Two independent experiments with each 5 mice per group (10 LNs) were performed and data are presented as mean ± SEM. Asterisks indicate statistical significant differences between WT and T3SA^−^, determined by Mann-Whitney Student's *t* test. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20130914_Fig3){#fig3}

*S. flexneri*--induced human B cell death is dependent on the T3SA virulence factor IpaD
----------------------------------------------------------------------------------------

To identify the virulence factors responsible for the induction of human B cell death, CL-01 cells were infected with a panel of *S. flexneri* mutants. To discriminate between varying types of translocated effectors ([@bib45]), we tested the contribution of effectors whose expression is dependent on the transcriptional factor MxiE, using a *mxiE* mutant, as well as those binding the chaperone Spa15, by using a *spa15* mutant. Neither mutant was impaired in its ability to induce CL-01 B cell death, as each exhibited a profile similar to that of WT bacteria both for cell number and percentage of PI^+^ cells ([Fig. 4 A](#fig4){ref-type="fig"}). We thus assessed the contribution of the virulence factors IpaC and IpaD, which are required for pore formation, translocation of T3SA effectors, and invasion of host cells ([@bib37]; [@bib6]; [@bib45]). Surprisingly, a different outcome was observed with the two noninvasive *ipaC* and *ipaD* mutants. CL-01 B cell death was induced by the *ipaC* mutant, but not by the *ipaD* mutant, which exhibited cell numbers and percentages of PI^+^ cells comparable to that of T3SA^−^ bacteria. The WT bacteria-induced cell death phenotype was observed using a complemented *ipaD*/pIpaD strain ([Fig. 4 A](#fig4){ref-type="fig"}). These results indicate that IpaD, which is located at the tip of the T3SA needle ([@bib16]; [@bib54]; [@bib15]), is required to trigger CL-01 B cell death independently of its role in translocation of T3SA effectors and that IpaD-mediated signals may account for the cell death observed in noninvaded CL-01 B lymphocytes.

![***S. flexneri*--induced B cell apoptosis is dependent on the virulence factor IpaD.** (A) In vitro infections of the CL-01 B cell line with WT, *mxiE*, *spa15*, *ipaC*, *ipaD*, and complemented *ipaD* (*ipaD*/pIpaD) *S. flexneri* strains. Fold changes in cell number and percentages of PI^+^ cells are presented for infection with each strain over infection with the T3SA^−^ strain. Asterisks indicate statistical differences to T3SA^−^ bacteria. (B) CL-01 cell number and percentages of AnnV^+^PI^−^ (Annexin V^+^PI^−^) and PI^+^ populations at 24 and 48 h p.i. for uninfected cells incubated with 25 µg/ml His-tagged IpaD protein (UI + IpaD), T3SA^−^-infected cells, cells infected with T3SA^−^ and co-incubated with IpaD (T3SA^−^ + IpaD), and WT infected cells. Data are presented as fold change over the uninfected control. Asterisks indicate statistically significant differences between T3SA^−^ and T3SA^−^ + IpaD. (C) Percentages of apoptotic AnnV^+^PI^−^ cells after 24 h of co-incubation with T3SA^−^ and different concentrations of IpaD. Asterisks indicate statistical differences to T3SA^−^ bacteria alone. Three independent experiments were performed in triplicate for each condition/bacterial strain and data are presented as mean ± SEM. Statistically significant differences were determined by one-way (C) or two-way (A and B) ANOVA with Bonferroni post-test. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20130914_Fig4){#fig4}

IpaD induces human B lymphocyte apoptosis in the presence of bacterial co-signals
---------------------------------------------------------------------------------

Given the above results, we hypothesized that exposure of cells to IpaD might be sufficient to trigger B cell death. To test this hypothesis, CL-01 B cells were incubated with purified His-tagged IpaD. To analyze the nature of cell death observed (necrosis versus apoptosis), analysis of AnnexinV^+^PI^−^ (AnnV^+^PI^−^) apoptotic B cells was included in the measurement. After 24 and 48 h of exposure, no differences in cell number or induction of cell death (AnnV^+^PI^−^ or PI^+^ cells) were observed as compared with untreated cells ([Fig. 4 B](#fig4){ref-type="fig"}), indicating that IpaD alone did not trigger B cell death. Requirement for the presence of bacterial co-signals was then assessed by incubating CL-01 cells with T3SA^−^ bacteria and medium containing the IpaD protein (T3SA^−^ + IpaD). The T3SA^−^ mutant alone was able to induce an increase in the AnnV^+^PI^−^ population at 24 and 48 h p.i., along with the slight reduction in cell number previously observed at 48 h p.i. ([Fig. 4 B](#fig4){ref-type="fig"}). However, co-incubation of the T3SA^−^ mutant with IpaD led to a significant increase of the apoptotic AnnV^+^PI^−^ population at 24 h p.i., accompanied by a significant induction of PI^+^ cells and reduction of live cell number at 48 h p.i. in comparison to incubation with T3SA^−^ alone ([Fig. 4 B](#fig4){ref-type="fig"}). Induction of AnnV^+^PI^−^ B cells at 24 h p.i. was shown to be dependent on the concentration of IpaD, with a maximum of apoptotic cells reached at 25 µg/ml ([Fig. 4 C](#fig4){ref-type="fig"}), the concentration used in all other experiments unless otherwise indicated. This increase in apoptotic cell death was specific to IpaD, as His-tagged MxiH, another component of the T3SA, did not induce CL-01 cell death when added with T3SA^−^ bacteria (unpublished data).

In an attempt to identify the microbial products acting as co-signals, we generated bacterial lysates of the *ipaD* strain by killing bacteria by gentamicin treatment, sonication, or heat before their addition to B cells. Additionally, we tested a panel of pathogen-associated molecular patterns (PAMPs). As shown in [Fig. 5 A](#fig5){ref-type="fig"}, LPS, PGN, CpG, or combinations of these products did not provide the required co-signals to induce apoptotic AnnV^+^PI^−^ cells at 24 h after incubation in the presence of IpaD. Surprisingly, whereas live or gentamicin-treated *ipaD* lysates provided the co-signals, *ipaD* lysates generated by heat killing or sonication did not. Altogether, these results indicate that *S.* *flexneri* induces B lymphocyte apoptosis through the combined action of IpaD and bacterial co-signals and does so in the absence of invasion or translocation of effectors.

![**Bacterial co-signals sensitize human B lymphocytes to IpaD-mediated mitochondrial apoptosis.** (A) Apoptotic CL-01 B cells after incubation for 24 h with live, gentamicin-treated, sonicated, or heat-killed *ipaD* bacteria or a cocktail of LPS, PGN, and CpG (C). Percentages of AnnV^+^PI^−^ cells are shown, in the presence (+IpaD) or absence of IpaD. Asterisks indicate statistical differences to the uninfected control (on column) or between conditions (indicated by bars) determined by one-way ANOVA with Bonferroni post-test. \*, P \< 0.05; \*\*, P \< 0.01. (B) Loss of MMP as assessed by flow cytometry with the fluorescent probe JC-1. Fold changes in the percentage of cells that lost MMP are presented for T3SA^−^ and T3SA^−^ + IpaD over the uninfected control. Asterisks indicate statistical differences to the uninfected control determined by two-way ANOVA with Bonferroni post-test. \*\*, P \< 0.01; \*\*\*, P \< 0.001. (C--F) Dynamic regulation of mitochondrial pro- and anti-apoptotic proteins over time. Protein amounts were assessed by Western blot at 1, 3, 5, and 24 h p.i., and are presented as fold change over the uninfected control for IpaD alone, T3SA^−^, and T3SA^−^ + IpaD after normalization to actin. (C and D) Protein amounts of pro-apoptotic Bad (C) and Bax (D). (E and F) Protein amounts of anti-apoptotic Bcl-2 (E) and Bcl-x~L~ (F). All data are presented as mean ± SEM for three independent experiments.](JEM_20130914_Fig5){#fig5}

Bacterial co-signals sensitize human B lymphocytes to IpaD-mediated mitochondrial apoptosis
-------------------------------------------------------------------------------------------

A balance between a complex network of signaling pathways involving NF-κB and pro- and anti-apoptotic Bcl-2 proteins drives B cells toward either survival or death ([@bib21]; [@bib57]). To investigate the apoptotic pathway leading to IpaD-mediated B cell death, we conducted a protein-based apoptosis array, which revealed that apoptosis was mainly mediated by mitochondrial factors ([Table S1](http://www.jem.org/cgi/content/full/jem.20130914/DC1){#supp2}). During necrotic and apoptotic death of epithelial cells induced by *Shigella* infection, the loss of mitochondrial membrane potential (MMP) has previously been reported ([@bib29]; [@bib8]; [@bib32]). Therefore, we assessed the loss of MMP by flow cytometry with the mitochondrial probe JC1. Incubation of B cells with T3SA^−^ and T3SA^−^ + IpaD induced an increasing loss of MMP over time starting from as early as 3 h p.i. ([Fig. 5 B](#fig5){ref-type="fig"}). Based on these results, the dynamic regulation of mitochondrial pro- and anti-apoptotic proteins during infection was assessed by quantification of protein amounts at 1, 3, 5, and 24 h p.i. As compared with the uninfected control, the T3SA^−^ strain alone up-regulated the pro-apoptotic proteins Bad and Bax ([Fig. 5, C and D](#fig5){ref-type="fig"}) but also anti-apoptotic Bcl-x~L~ ([Fig. 5 F](#fig5){ref-type="fig"}). Anti-apoptotic Bcl-2 was up-regulated at early time points but slightly down-regulated at 24 h p.i. ([Fig. 5 E](#fig5){ref-type="fig"}). IpaD alone and in combination with T3SA^−^ bacteria only led to nonsignificant differences in the amounts of pro- and anti-apoptotic proteins when compared with uninfected cells or cells incubated with the T3SA^−^ alone, respectively ([Fig. 5, C--F](#fig5){ref-type="fig"}). In summary, our results suggest that bacterial co-signals, while not inducing cell death ([Fig. 2, B and C](#fig2){ref-type="fig"}), render B lymphocytes prone to die. It is likely that modulation of pro- and anti-apoptotic mitochondrial proteins and the loss of MMP further promote IpaD-mediated triggering of apoptosis.

IpaD binds to and is internalized by human CL-01 B lymphocytes
--------------------------------------------------------------

As extracellular exposure to IpaD in the presence of bacterial co-signals triggers B cell apoptosis, we assessed IpaD binding to CL-01 B cells. His-tagged IpaD and MxiH were coupled to Alexa Fluor 488 (AF488) and incubated with B cells in the presence of T3SA^−^ bacteria for 2 h at 37°C. Whereas no fluorescence was detected with AF488-MxiH, labeling of B cells was detected upon incubation with AF488-IpaD ([Fig. 6 A](#fig6){ref-type="fig"}). As illustrated in [Fig. 6 A](#fig6){ref-type="fig"}, the detection of AF488-IpaD in orthogonal slices suggested a specific interaction of IpaD with B cells. To further assess IpaD--CL-01 association, we compared the interaction of AF488-IpaD with these cells in different conditions by measuring relative mean AF488 fluorescence intensities within 15-µm-diameter spheres centered on B cell nuclei. In agreement with results from [Fig. 6 A](#fig6){ref-type="fig"}, the relative mean intensity was significantly higher upon incubation at 37°C with IpaD as compared with MxiH ([Fig. 6 B](#fig6){ref-type="fig"}). AF488-IpaD relative mean intensity was significantly increased upon incubation at 37°C as compared with 4°C ([Fig. 6 B](#fig6){ref-type="fig"}) and with time ([Fig. 6 C](#fig6){ref-type="fig"}), suggesting an active internalization process. Indeed, ∼50 and 75% of IpaD bound to B cells at 4°C was internalized after 30 and 60 min incubation at 37°C, respectively ([Fig. 6 D](#fig6){ref-type="fig"}). It is noteworthy that the presence of T3SA^−^ bacteria significantly reduced IpaD association after 30 min of incubation with the cells, while significantly increasing it at 24 h after incubation (unpublished data). These findings show that exposure of IpaD to B cells results in its binding and internalization and suggests the existence of a specific interaction partner for IpaD at the B cell surface.

![**IpaD binds to human CL-01 B lymphocytes and is internalized.** (A) Confocal images of CL-01 B cells incubated with T3SA^−^ bacteria and IpaD or MxiH coupled to Alexa Fluor 488. An overview image (bar, 50 µm) is presented alongside single confocal slices of B cells (bars, 5 µm) after 2 h of incubation at 37°C. Cells were co-stained for GM1 (red, membrane) and DAPI (blue, nuclei). (B and C) Quantification of the AF488 mean fluorescence intensity (MFI) in a 15-µm radius around the center of the nuclei. (B) MFI of IpaD after co-incubation with T3SA^−^ for 2 h at 37°C. Values are compared with the MxiH control protein and to incubation at 4°C. (C) Time dependence of the MFI measured for IpaD. Cells were incubated with IpaD for different times at 37°C in the presence of T3SA^−^ bacteria. A minimum of 100 cells were analyzed for each condition for B and C. Data are presented as median ± interquartile range for one representative experiment and statistically significant differences were determined by Kruskal-Wallis test with Dunn's post-test. \*\*\*, P \< 0.0001. (D) IpaD internalization. Cells were incubated with fluorescent AF488-IpaD for 1 h at 4°C (time 0), and unbound AF488-IpaD was washed before incubation at 37°C for 30 min or 1 h. At each time point, IpaD bound to the cell surface was detected by flow cytometry using an anti-IpaD polyclonal serum, and a secondary antibody coupled to Alexa Fluor 647. Data are presented as mean ± SEM for three independent experiments and statistically significant differences to time 0 were determined by one-way ANOVA with Bonferroni post-test. \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20130914_Fig6){#fig6}

IpaD induces B cell apoptosis via interaction with TLR2
-------------------------------------------------------

IpaD shares structural and functional similarities with the *Yersinia* effector LcrV that has been shown to signal in a TLR2-dependent manner ([@bib58]; [@bib17]). Induction of apoptosis by a TLR2-mediated signaling pathway has been reported in different cell types ([@bib3]); however, to our knowledge, no information is available regarding B lymphocytes. Based on the similarity between IpaD and LcrV and the need of bacterial co-signals for the induction of B cell death, we aimed at investigating the involvement of TLRs in the signaling pathways resulting in human B cell death. Therefore, we first assessed basal levels of mRNA expression of different *tlr* genes by quantitative RT-PCR in the CL-01 B cell line. *tlr2* was expressed at low levels as compared with *tlr1*, *7*, and *10* (highly expressed) and *tlr3*, *6*, and *9* (expressed at intermediate levels). Expression of *tlr4*, *5*, and *8* was not detected ([Fig. 7 A](#fig7){ref-type="fig"}). Then, we assessed *tlr* expression upon incubation of cells with T3SA^−^, T3SA^−^ + IpaD, or WT bacteria for 24 h. Interestingly, only *tlr2* showed significant changes in its expression levels upon infection with its mRNA levels significantly up-regulated upon incubation with the T3SA^−^ strain (eightfold change, [Fig. 7 B](#fig7){ref-type="fig"}). Whereas IpaD alone had no effect, a combination of IpaD and T3SA^−^ bacteria or infection with WT bacteria led to a significant decrease in *tlr2* as compared with T3SA^−^ bacteria alone ([Fig. 7 B](#fig7){ref-type="fig"}). Bacterial co-signals thus lead to up-regulation of *tlr2*.

![**IpaD induces B cell apoptosis via interaction with TLR2.** (A) Relative TLR mRNA expression levels in the CL-01 B cell line as assessed by quantitative RT-PCR. (B) TLR2 mRNA expression levels after 24 h of incubation with IpaD alone, T3SA^−^, WT, or T3SA^−^ + IpaD. mRNA levels are presented as fold change over the uninfected control. Asterisks indicate a statistical difference between T3SA^−^ and T3SA^−^ + IpaD/WT determined by one-way ANOVA with Bonferroni post-test. \*\*, P \< 0.01. (C) Apoptotic CL-01 B cells after transfection with TLR-targeting siRNA pools. Transfection was performed 24 h before incubation with T3SA^−^ + IpaD and percentages of AnnV^+^PI^−^ cells are presented 24 h p.i. Asterisks indicate statistical differences to the nontargeting control siRNA pool determined by one-way ANOVA with Bonferroni post-test. \*, P \< 0.05; \*\*\*, P \< 0.001. (D) IpaD binding to B cells in the presence of TLR1 and 2 blocking antibodies. IpaD coupled to Alexa Fluor 488 was added for 2 h to cells preincubated with the T3SA^−^ mutant for 22 h. The blocking antibodies were added 1 h before IpaD addition. Asterisks indicate statistical differences to the control without antibody determined by Kruskal-Wallis test with Dunn's post-test. \*\*\*, P \< 0.0001. (E) B cell death in the presence of TLR1 and 2 blocking antibodies or an antibody against IpaD. IpaD was added for 6 h to cells preincubated with the T3SA^−^ mutant for 22 h. The TLR blocking antibodies were added to the cells, and the anti-IpaD antibody to the IpaD solution, 1 h before IpaD addition to the cells. Live cell numbers and percentages of AnnV^+^PI^−^ and PI^+^ cells are presented as fold changes over the uninfected control. Asterisks indicate statistical differences to the control without antibody determined by two-way ANOVA with Bonferroni post-test. \*\*\*, P \< 0.001. (F) TLR signaling at 24 h p.i. as assessed by Western blot analysis. Protein amounts of IκBα were assessed as an indicator for NF-κB activation and FADD as an indicator of the TLR2 death pathway. Pictures of the blots and the correspondent fold change over the uninfected control after normalization to actin are shown for both proteins. (G) Induction of B cell death by a TLR2 agonist. The TLR2-6 agonist FSL-1 and the TLR2-1 agonist Pam3CSK4 were added for 6 h to cells preincubated with the T3SA^−^ mutant for 22 h. Live cell numbers and percentages of AnnV^+^PI^−^ and PI^+^ cells are presented as fold changes over the uninfected control. Asterisks indicate statistical differences to T3SA^−^ bacteria alone determined by two-way ANOVA with Bonferroni post-test. \*\*\*, P \< 0.001. Data are presented as mean ± SEM (A--C, E, and G) and as median ± interquartile range in D. Three independent experiments were performed in triplicate for A--C, E, and G, and one representative out of two independent experiments is shown in D and F.](JEM_20130914_Fig7){#fig7}

To assess the involvement of TLR2, and its described heterodimer partners, in the induction of apoptotic AnnV^+^PI^−^ cells, cells were transfected with siRNA pools against TLR1, 2, 6, and 10 and incubated with IpaD in the presence of the T3SA^−^ strain. As shown in [Fig. 7 C](#fig7){ref-type="fig"}, a significant decrease in the percentage of AnnV^+^PI^−^ cells occurred in CL-01 B cells transfected with TLR1- or TLR2-targeting siRNA as compared with cells transfected with nontargeting siRNA. Decreasing *tlr6* or *tlr10* levels had no impact on the amount of apoptotic cells. To test whether or not IpaD could indeed signal via TLR2-1, we assessed binding of IpaD in the presence of blocking antibodies. Based on the observed up-regulation of *tlr2* at 24 h p.i. with T3SA^−^ bacteria ([Fig. 7 B](#fig7){ref-type="fig"}), we preincubated cells for 22 h with the T3SA^−^ strain, added TLR1 and TLR2 blocking antibodies for 1 h, and subsequently added AF488-IpaD for 2 h. As compared with untreated cells, a significant decrease in IpaD binding/internalization was measured in the presence of both blocking antibodies ([Fig. 7 D](#fig7){ref-type="fig"}). Similarly, we observed a significant decrease in the amount of AnnV^+^PI^−^ cells in cells treated with the TLR2 (but not TLR1) blocking antibody before addition of IpaD for 6 h ([Fig. 7 E](#fig7){ref-type="fig"}). Preincubation of IpaD with an anti-IpaD antibody displayed a similar phenotype ([Fig. 7 E](#fig7){ref-type="fig"}). TLR2 and TLR1 are thus involved in the induction of IpaD-mediated apoptosis.

Based on these results, we aimed at investigating TLR signaling upon infection in CL-01 B cells. Activation of the NF-κB signaling pathway was assessed by measuring IκBα amounts using Western blot analysis. Whereas no change in the amount of IκBα occurred with IpaD alone, the intensity of the IκBα band decreased, and an additional lower band was detected for cells incubated with T3SA^−^, T3SA^−^ + IpaD, and WT *Shigella* ([Fig. 7 F](#fig7){ref-type="fig"}). The TLR2 "death pathway" has been reported to bifurcate from NF-κB activation at the level of MyD88 via a pathway involving FADD (Fas-associated death domain protein; [@bib4]). We also assessed FADD protein amounts by Western blot analysis. In contrast to the NF-κB pathway, which was similarly activated in B cells under all conditions that included incubation with bacteria, we detected higher amounts of FADD for B cells incubated with T3SA^−^ + IpaD or WT bacteria, but not for B cells incubated with the T3SA^−^ mutant alone ([Fig. 7 F](#fig7){ref-type="fig"}). We thus observed changes in the TLR2 "death pathway" dependent on IpaD.

Finally, we assessed the ability of known TLR2 agonists to induce B cell death in the CL-01 B cell line. As shown in [Fig. 7 G](#fig7){ref-type="fig"}, the TLR2-1 agonist Pam3, but not the TLR2-6 agonist FSL-1, led to a significant increase in PI^+^ B cells in the presence of T3SA^−^ as compared with untreated cells. These results show that CL-01 B cells are indeed sensitive to TLR2-1--induced cell death. Altogether, these data indicate that bacterial co-signals promote IpaD--TLR2 interaction by up-regulating *tlr2*, and that IpaD induces B cell death via TLR2-signaling.

IpaD is a TLR2 agonist
----------------------

To formally demonstrate that IpaD signals via TLR2, we used a cell-based reporter system previously described ([@bib7]). The reporter system is based on NIH3T3 cells stably transfected with the NF-κB--inducible reporter gene SEAP (secreted alkaline phosphatase) together with the corresponding combinations of human TLRs. The amount of SEAP upon TLR induction can be compared in cell supernatants by addition of its substrate pNPP and measurement of the product OD at 405 nm. As shown in [Fig. 8 A](#fig8){ref-type="fig"}, a concentration-dependent induction of the TLR2-1 and TLR2-6 reporter cell lines occurred when adding IpaD. At a concentration of 5 µg/ml IpaD, the activation levels of TLR2-1 and TLR2-6 were comparable to 1 µg/ml of the positive controls Pam3CSK4 and FSL-1, respectively ([Fig. 8, B and C](#fig8){ref-type="fig"}). These results demonstrate that IpaD binds to and induces activation of the human TLR2 signaling pathway.

![**IpaD acts as a TLR2 agonist.** The reporter system is based on NIH3T3 cells stably transfected with the NF-κB--inducible reporter gene SEAP together with the corresponding combinations of human TLRs. The amount of SEAP upon TLR induction can be compared in cell supernatants by addition of its substrate pNPP and measurement of the product OD at 405 nm. (A) OD at 405 nm 30 min after substrate incubation with supernatants from treated cells. Cells were treated for 18 h with indicated concentrations of IpaD in comparison to negative, positive, and spiked controls. The TLR2-1 and 2--6 reporter cell lines are shown in comparison to the control SEAP cell line without TLRs. (B) Induction of the TLR2-1 reporter cell line. The OD at 405 nm is presented over time for selected concentrations of IpaD in comparison to positive (Pam3CSK4) and negative (NIH3T3 control cell line) controls. (C) Induction of the TLR2-6 reporter cell line. The OD at 405nm is presented over time for selected concentrations of IpaD in comparison to positive (FSL-1) and negative (NIH3T3 control cell line) controls. Two independent experiments were performed in duplicate and all data are presented as mean ± SEM. Statistically significant differences to the control SEAP cell line were determined by two-way ANOVA with Bonferroni post-test. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20130914_Fig8){#fig8}

*S. flexneri* interacts with B lymphocytes and induces B cell apoptosis upon natural infection in humans
--------------------------------------------------------------------------------------------------------

To assess *Shigella*-induced B cell apoptosis upon natural infection, we investigated *S. flexneri*--B lymphocyte interactions in patients diagnosed with shigellosis. Rectal biopsies from *Shigella*-infected patients presenting severe symptoms within 3--4 d of the onset of disease were chosen for immunohistochemistry analysis. As shown in [Fig. 9](#fig9){ref-type="fig"}, *S. flexneri* detected by using an anti-IpaD antibody was found in ILFs and in contact with apoptotic B lymphocytes, identified as TUNEL-positive cells. These findings suggest that *S. flexneri*--mediated B cell apoptosis indeed occurs in naturally infected patients.

![***S. flexneri* interacts with B lymphocytes and induces B cell apoptosis upon natural infection.** Representative fluorescence microscopy images of ILFs in colonic biopsy tissue slides from two patients presenting severe shigellosis are shown. Bacteria were stained with an antibody against IpaD (red), B cells with anti-CD20cy (green), and apoptotic cells with a TUNEL kit (gray). Orthogonal slices are shown for each confocal image. Bars, 2 µm.](JEM_20130914_Fig9){#fig9}

DISCUSSION
==========

In this study, we provide new insights into the diversity of mechanisms used by *Shigella* to dampen host adaptive immune responses. We report a T3SA-dependent targeting of human B lymphocytes by *S. flexneri* and induction of cell death. Besides cell death occurring in invaded cells, we show induction of B cell apoptosis that is independent of invasion and translocation of virulence effectors but dependent on interaction of the needle tip protein IpaD with TLR2.

Our results show that *S.* *flexneri* directly interacts with and invades human B lymphocytes in a T3SA-dependent manner. Previous studies on the intracellular presence of facultative intracellular bacteria in B lymphocytes mainly focused on receptor-mediated internalization processes ([@bib39]; [@bib25]; [@bib9]; [@bib20]). Thus far, the contribution of the T3SA, indicating an active invasion process by the bacterium, has only been shown for *Salmonella* ([@bib63]). Susceptibility of B lymphocytes to T3SA-mediated *S. flexneri* invasion was low compared with invasion rates previously reported for T lymphocytes ([@bib28]).

We provide evidence that *S.* *flexneri* triggers cell death of CL-01 B cells in vitro and of murine B lymphocytes in vivo and that the induction of cell death is mediated by the virulence factor IpaD. Cell death of B lymphocytes in vitro has previously been described for *Listeria monocytogenes*, *Francisella tularensis*, *Neisseria gonorrhea*, and *Helicobacter pylori* ([@bib39]; [@bib44]; [@bib59]; [@bib30]; [@bib67]). In the case of *L. monocytogenes*, cytotoxicity was shown to be dependent on the virulence effector listeriolysin O (LLO), a pore-forming protein causing membrane damage ([@bib5]; [@bib39]). The occurrence of cell death in vivo has not been addressed in such studies, and the participating virulence effectors, with the exception of LLO, have not been identified.

*S.* *flexneri*--induced B cell death occurred both in invaded and noninvaded cells. We recently reported an injection-only--based mechanism for *Shigella*-induced impairment of T cell migration ([@bib28]). However, this mechanism does not account for *Shigella*-induced cell death of noninvaded B lymphocytes, as the *ipa*C mutant, which is unable to translocate virulence effectors into the host cytoplasm, was able to induce B cell death. In contrast, we observed a novel invasion- and injection-independent mechanism, which is dependent on exposure of B cells to the virulence factor IpaD. This mechanism was revealed by the inability of the *ipaD* mutant to induce B cell death and by the observation that the addition of soluble His-tagged IpaD to cells incubated with T3SA^−^ bacteria is sufficient to induce B cell apoptosis. IpaD is a hydrophilic coiled-coil protein that, together with IpaB, is located at the needle tip of the *Shigella* T3SA ([@bib38]; [@bib16]; [@bib54]; [@bib26]). Needle-tip proteins of other T3SA-bearing bacteria include EspA, LcrV, PcrV, BipD, and SipD, for EPEC (enteropathogenic *Escherichia Coli*), *Yersinia* spp., *Pseudomonas aeruginosa*, *Burkholderia pseudomallei*, and *Salmonella* spp, respectively ([@bib26]; [@bib17]; [@bib42]; [@bib33]). Although these proteins exhibit no primary sequence similarities, they possess similar structural and functional features and have been described to act as a "plug" for the T3SA ([@bib17]; [@bib54]; [@bib42]). Soluble *Yersinia* LcrV has also been described to accumulate in serum of infected mice early during the onset of disease ([@bib19]). Whether or not IpaD is secreted by *S. flexneri* during an infection in vivo is unfortunately still unknown.

Similarly to *Yersinia* LcrV, which has been shown to exploit TLR2 signaling in macrophages ([@bib58]), we provide evidence that IpaD interacts with TLR2 on B cells and subsequently mediates B cell apoptosis. To our knowledge, we hereby provide the first evidence that TLR2 signaling can lead to apoptosis of B lymphocytes, a cell type which has thus far been considered to integrate TLR signals mainly for activation and differentiation ([@bib52]; [@bib47]; [@bib51]). Whereas previous reports have shown that TLR2 activation by bacterial lipoproteins can lead to activation, as well as apoptosis, these studies were conducted mostly with monocytes ([@bib3], [@bib4]). Interestingly, the induction of IpaD-mediated cell death was impaired by blocking TLR2 and TLR1, but not TLR6, indicating that IpaD death signals occur via the TLR2-1 heterodimer. Consistently, a TLR2-1 agonist, though not a TLR2-6 agonist, induced cell death in the CL-01 B cell line. However, IpaD induced comparable levels of activation in TLR2-1 and TLR2-6 reporter cell lines, indicating that activation signals can occur via both heterodimers. The identification of the virulence factor IpaD as ligand for the TLR2 "death pathway" on human B cells thus opens the possibility for further studies addressing the diversity of ligands and their molecular interactions with TLR2 and its heterodimer partners in activation and apoptosis of immune cells.

Intriguingly, IpaD-dependent B cell apoptosis was only triggered in the presence of bacterial co-signals. None of the common PAMPs known to induce responses in B lymphocytes acted as co-signals. The observation that sonicated or heat-killed bacteria also lost their co-signal activity as compared with live or gentamicin-treated bacteria suggests that these microbial products are unstable, have to be presented on intact bacteria, or require a particular pathway to be properly delivered to B cells. Identification of the co-signals thus provides a challenging, still ongoing endeavor. However, our results have elucidated their role in the induction of IpaD-mediated B cell apoptosis. On the one hand, by timely modulation of the expression of pro- and anti-apoptotic proteins, such as Bad/Bax and Bcl-2/Bcl-xl, respectively, and induction of a loss of MMP, bacterial co-signals sensitize B cells, rendering them prone to die. On the other hand, they lead to the up-regulation of TLR2 transcript expression, thus promoting the TLR2--IpaD interaction. The loss of MMP has previously been demonstrated for the induction of necrotic and apoptotic death of epithelial cells upon *Shigella* infection ([@bib29]; [@bib8]; [@bib32]). Additionally, B cell death induced by *F. tularensis* and *H. pylori* was also described to be apoptotic and accompanied by release of apoptosis-inducing factor (AIF) from mitochondria ([@bib59]; [@bib67]).

Altogether, these findings lead us to propose a working model for *Shigella* interaction with B lymphocytes: *S. flexneri* is able to invade B cells and proliferate intracellularly, resulting in cell death. Additionally, B cell death occurs independently from invasion or translocation of virulence effectors. *Shigella*-induced B cell apoptosis of noninvaded cells results from the integration of two different types of signals: (1) bacterial co-signals sensitize B cells to apoptosis and enhance the basal level of TLR2 gene expression; (2) by the resulting increased interaction with TLR2, IpaD tips the balance of signaling pathways toward a deadly fate. Whether or not such a strategy is used by other bacterial pathogens and takes place in other host cell types deserves further investigation.

In conclusion, our findings add to the diversity of mechanisms used by *Shigella* to manipulate the adaptive immune response. Indeed, the work presented here reveals a direct targeting of B cells by *Shigella*, a finding which could explain why this disease does not induce antibody-mediated lasting immunity. It could also explain the difficulties encountered in *Shigella* vaccine development, especially for the live, attenuated vaccine candidates whose design did not take into account the immunosuppressive capacities of *Shigella* we recently highlighted ([@bib28]; [@bib53]). This study highlights that manipulation of B lymphocytes resulting from direct interactions with pathogens must be considered when deciphering the efficiency of protective B cell responses to infection.

MATERIALS AND METHODS
=====================

### Bacterial strains.

The *S. flexneri* strains used in this study are listed in [Table S2](http://www.jem.org/cgi/content/full/jem.20130914/DC1){#supp3}. Bacteria were grown at 37°C on trypticase soy agar (TSA; BD) plates containing 0.01% Congo red (Serva). Single colonies were picked for overnight culture at 37°C in trypticase soy broth, followed by a subculture inoculated at a 1/50 dilution. Bacteria were prepared for infections in late exponential growth phase and inoculi were calculated from the optical density of the culture at 600 nm. The *S. flexneri* strains were centrifuged at 4,000 *g* for 10 min and resuspended in culture medium to a defined inoculum for infection. To generate bacterial lysates, bacteria were incubated with 50 µg/ml gentamicin for 45 min at 37°C, sonicated, or heat killed for 45 min at 65°C. Inoculi were controlled by plating dilutions of bacterial suspensions on TSA plates. Bacterial PAMPs used in the experiments included Ultrapure *E. Coli* LPS (25 µg/ml; InvivoGen), PGN-ECndss Ultrapure (25 µg/ml; InvivoGen), and ODN 2006 CpG (10 µg/ml; InvivoGen).

### Biopsies of *Shigella*-infected patients.

Adult patients clinically suspected of having dysentery within 3--4 d of onset of disease were initially enrolled at the International Center for Diarrheal Diseases Research, Bangladesh (ICDDR,B). The collection of biopsies from patients for studying immunological/immunopathological responses was approved by the Ethical Review Committee of ICDDR,B. Patients were diagnosed for shigellosis after overnight stool culture on McKonkey and *Shigella Salmonella* (SS) agar plates. Confirmation of diagnosis was achieved by testing for *Shigella* spp. by agglutination to specific antisera and further biochemical tests. Proctoscopy (long-speculum Anoscope; Welch Allyn series 31610) was performed to obtain rectal biopsy specimens from each patient within 48 h of admission at ∼10--12 cm from the anus into the rectum. Formalin-fixed, paraffin-embedded tissues were sectioned at 3-µm thickness with a microtome (RM 2055; Leica) and stored at room temperature until analysis. Biopsies from 12 patients were analyzed by immunofluorescence. Image representation was focused on patients presenting severe shigellosis (*n* = 4) in whose biopsies we could identify a lymphoid follicle (*n* = 2).

### Ex vivo infections of human colonic tissues.

Tissue specimens were obtained from patients who underwent surgery for colonic adenocarcinoma, according to the guidelines of the French Ethics Committee for Research on Human Tissues. Specimens were taken at a distance from the tumor in macroscopically and histologically normal areas and immediately processed in the pathology department. According to the guidelines of the French Ethics Committee for Research on Human Tissues, these specimens were considered to be residual tissue, and not relevant to pathological diagnosis.

Ex vivo infections were performed as described in [@bib12]. In brief, the serosa and muscle layers were dissected under a stereomicroscope and excess mucus removed by carefully dabbing the tissue with a paper towel. The specimens were cut into ∼5-cm^2^ segments and pinned flat, with the submucosa facing down, onto a 4% agarose layer in tissue culture Petri dishes containing DMEM/F12 culture medium (Invitrogen) supplemented with 10% FBS, glutamine, and 2.1 g/liter NaHCO~3~ (Sigma-Aldrich). *S. flexneri* WT bacteria and the T3SA^−^ mutant were added at ∼2 × 10^8^ bacteria per cm^2^ of tissue. Bacteria were allowed to settle for 15 min at room temperature before incubation of infected and uninfected control tissue at 37°C, 5% CO~2~ for 6 h on a slowly rocking tray. Tissue was fixed by overnight incubation with 4% PFA (Euromedex) and 0.1 M Hepes (Gibco) in PBS. Tissue pieces were embedded in paraffin and sectioned at 9 µm with a microtome (RM2145; Leica) for histological analyses. For whole-mount staining, tissues were fixed on a 40 × 11--mm tissue culture dish (TPP) with Histoacryl tissue glue (Braun). To obtain 150-µm-thick sections, the tissue was embedded in low-melting agarose according to [@bib61] and cut with a vibratome (VT1000E; Leica).

### Mouse in vivo footpad infections.

Pathogen-free, female C57BL/6 mice (6--8 wk of age) were purchased from Janvier and kept at the Institut Pasteur animal facilities. All procedures involving animals were approved by the Safety Committee of the Institut Pasteur in accordance with French and European guidelines. Mice were infected subcutaneously in the footpad with 1--3 × 10^8^ WT or T3SA^−^ bacteria in 50 µl PBS, and sacrificed at 24 and 48 h p.i. for popliteal LN extraction as previously described ([@bib53]).

### In vitro B cell infections.

The CL-01 cell line ([@bib10]; provided by A. Cerutti, IMIM, Barcelona, Spain) was maintained at a density between 2 × 10^4^ and 2 × 10^5^ cells per ml in RPMI 1640 (Invitrogen) supplemented with 10% FBS (Biowest) at 37°C, 5% CO~2~. B cells were seeded in round-bottomed 96-well plates (TPP) at a concentration of 1--3 × 10^5^ cells in 100 µl per well. Bacteria were added in cell culture medium to a multiplicity of infection (MOI) of 50 in 50 µl per well, and centrifuged onto the cells for 5 min at 300 *g*. Infected cells were incubated at 37°C, 5% CO~2~. Gentamicin was added at 30 min p.i. to a final concentration of 50 µg/ml (50 µl/well at 200 µg/ml). Intracellular bacteria were quantified upon cell lysis with 0.5% sodium desoxycholate followed by plating on TSA plates.

### Expression and purification of recombinant IpaD.

Expression of recombinant, C-terminally His-tagged IpaD and MxiH (the latter lacking the last five C-terminal residues) was performed in *E. coli* BL21. Bacteria were cultured in LB media for 3 h at 37°C, harvested by centrifugation for 20 min at 15,000 *g*, and resuspended in PBS, pH 8, containing 100 mg/ml lysozyme, 1 mM MgCl~2~, and 0.1% Triton X-100. The resulting suspension was incubated for 15 min at 4°C before addition of 10 U Benzonase and sonication until the suspension lost viscosity. Bacterial fragments were removed by centrifugation for 20 min at 15,000 *g* and recombinant His-tagged proteins localized in the supernatant were purified by nickel chelation chromatography (AKTA system, IMAC-Nickel chelating, Hi-Trap FF; GE Healthcare). Proteins were washed and eluted using buffers containing imidazole. Fractions containing the protein were pooled and dialyzed against PBS. Purity of the preparation was checked by gel electrophoresis and Coomassie staining (one 37.5 kD band detected for 3 µg protein) and LAL endotoxin levels were determined to be \<500 U/mg (Endosafe; Charles River). For fluorescent detection, purified His-tagged IpaD and MxiH were labeled with Alexa Fluor 488 Microscale Protein Labeling kit (Invitrogen) according to the manufacturer's instructions.

If not otherwise indicated, IpaD and MxiH were added at 5 µg/well (25 µg/ml) in parallel to the infection. For blocking experiments, cells were preincubated with T3SA^−^ bacteria for 22 h and subsequently incubated with 10 µg/ml functional grade purified α-TLR2 (eBioscience) or α-TLR1 (eBioscience) before addition of 10 µg/ml IpaD for 6 h. The same concentration and set-up was used for testing TLR2-agonists FSL-1 (InvivoGen) and Pam3CSK4 (InvivoGen).

### Flow cytometry.

Quantification of cell number and assessment of cell death were achieved by addition of both a defined number of fluorescently labeled CaliBRITE beads (BD) and propidium iodide (PI; 1:3,000; Sigma-Aldrich) to cell suspensions. For assessment of apoptosis, cells were co-stained with APC Annexin V (BD) according to manufacturer's instructions before addition of beads and PI. Cells obtained from LNs of *Shigella*-infected mice were co-stained with α-CD19 FITC (1:100; eBioscience) and α-CD4 PE (1:100; eBioscience). Loss of MMP was assessed by use of the JC-1 probe (mitochondrial staining kit; Sigma-Aldrich) according to manufacturer's instructions. Samples were acquired on a FACSCalibur or Canto II (BD) and analyzed with FlowJo software.

### Immunofluorescence staining.

Primary antibodies used for human intestinal tissues included α-CD20cy and α--plasma cell (1:75; Dako) for B cells, α-CD3 (1:75; Dako) for T cells, and rabbit polyclonal antibodies specific for *S. flexneri* 5a and IpaD (collection of the laboratory). Secondary antibodies coupled to Cy3, Cy5, or Alexa Fluor 488 were purchased from Jackson ImmunoResearch Laboratories, Inc. TUNEL staining was performed with the In situ cell death detection kit according to the manufacturer's instructions (BD). As opposed to classical histological staining, whole-mount staining was achieved by increasing incubation times considerably. Vibratome sections were stained as previously described ([@bib61]). B cells incubated in vitro with fluorescent IpaD and MxiH were co-stained with 1 µg/ml Cholera Toxin B-Subunit (CTxB) coupled to Alexa Fluor 555 (Molecular Probes) at 4°C before and with 2 µg/ml DAPI (Invitrogen) after fixation with 4% PFA. Coverslips were mounted using ProLong-mounting medium (Invitrogen) for short-term preservation, whereas whole-mount tissue and vibratome sections were imaged shortly after the staining procedure. Fluorescence images were acquired either by inverted wide-field (Observer Z1; Carl Zeiss) or confocal microscopy (SP5, Leica; LSM710, Carl Zeiss) and analyzed using Fiji (ImageJ, National Institutes of Health) and Imaris (Bitplane) software.

Adjustments of settings, brightness, and contrast were only applied for representative images. Acquisition of images used for quantification was performed on the same day with the same acquisition settings and no image adjustments. AF488 mean fluorescence intensity (MFI) was quantified within 15-µm spheres centered on DAPI fluorescence using Imaris software. The relative values of conditions were only compared within each experiment, and data are presented for one representative experiment out of a minimum of two independent experiments.

### Quantification of IpaD internalization into CL-01 cells.

The following protocol was adapted from [@bib35]. In brief, CL-01 cells were incubated with fluorescent IpaD-AF488 as described above for 1 h at 4°C. Subsequently, cells were washed and incubated at 37°C for 30 min or 1 h. IpaD bound to the cell surface was analyzed by flow cytometry, using an anti-IpaD polyclonal serum (1:100) and a secondary antibody coupled to Alexa Fluor 647 (1:500; Life Technologies). The AF488 signal was used as control to monitor that the total amount of protein associated to the cell does not decrease during the time course of the experiment. The percentage of surface-bound IpaD was calculated as percentage of AF647 fluorescence intensity after incubation at 37°C versus the intensity after incubation at 4°C (time point 0). Data are presented as the percentage of surface bound IpaD at time point 0 minus the percentage of surface bound IpaD at the respective time points, thus corresponding to the percentage of IpaD that has been internalized at 37°C.

### SDS-PAGE and immunoblotting.

Cells were infected as described above and lysed in 100 µl Laemmli buffer (Bio-Rad Laboratories) per 0.5--1.5 × 10^6^ cells. Protein quantification was achieved using the EZQ Protein quantitation kit (Molecular Probes). Between 25 and 125 µg of proteins was resolved on mini-protean TGX gels (Bio-Rad Laboratories) in Tris/glycine/SDS running buffer (Bio-Rad Laboratories) and transferred to PVDF membranes using the iBlot system (Invitrogen). Membranes were blocked for 2 h in 5% milk in TBS containing 0.01% Tween 20 (TBST; Sigma-Aldrich) and incubated with primary antibodies overnight at 4°C. Primary antibodies and concentrations used are given in [Table S4](http://www.jem.org/cgi/content/full/jem.20130914/DC1){#supp4}. Detection was achieved with α-rabbit (Jackson ImmunoResearch Laboratories, Inc.) or α-mouse (GE Healthcare) HRP-conjugated secondary antibodies and SuperSignal West chemiluminescent substrates (Thermo Fisher Scientific). Pixel intensities were quantified with Fiji imaging software (ImageJ) and presented as fold change over uninfected after normalization to actin protein amounts. The Human Apoptosis Array kit (R&D Systems) was used according to manufacturer's instructions with 2.5 × 10^6^ cells infected in 15-ml round-bottomed falcon tubes for 5 h.

### Gene expression quantification.

1 × 10^6^ cells were collected as cell pellet, either uninfected or after infection as described above. RNA was extracted and cDNA generated using the RNeasy Mini (QIAGEN) and Superscript III Reverse transcription (Life Technologies) kits, respectively, according to manufacturer's instructions. FastStart SYBR Green Master Mix (Roche) was used according to the manufacturer's instructions and thermo cycling was fixed to 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, 60°C for 45 s, and 72°C for 45 s. Forward and reverse primers were used at a final concentration of 1 µM and are given in [Table S3](http://www.jem.org/cgi/content/full/jem.20130914/DC1){#supp5}. Relative expression was calculated based on β-ACT normalization after experimental comparison with cyclophilin A (PPIA). All reactions were run in duplicate. Primers were validated with the use of FACS-sorted (\>99% pure) human primary cells (Etablissement Français du Sang \[EFS\]) known to express the respective TLR transcript. Postreaction melt curve analysis was conducted to ensure that peak melting temperature remained within ±0.5°C of the positive control and transcript levels were expressed according to the following formula: Relative Expression = 1,000\*2^−(ΔCT)^.

### RNA interference.

Transfection conditions for the CL-01 cell line were established using Control siRNA (FITC Conjugate)-A (Santa Cruz Biotechnology, Inc.) and the Cell Line Nucleofector kit V on the Amaxa system (Lonza), and set to 1.8 µM siRNA for 3 × 10^6^ cells in 100 µl, program A-023. Cells were transfected with SMARTpool ON-TARGETplus TLR2 (Thermo Fisher Scientific; L-005120-01-0005), TLR10 (L-008087-00-0005), TLR1 (L-008086-00-0005), or TLR6 (L-005156-00-0005) siRNA or the ON-TARGETplus Non-targeting Pool (Thermo Fisher Scientific; D-001810-10-05). Efficiency of interference was assessed by gene expression quantification 24 h after transfection and mRNA levels were reduced to 52, 83, 34, and 31% for TLR1, TLR2, TLR6, and TLR10, respectively. Infections of transfected cells were performed at this time point as described above.

### TLR2 cell-based reporter assay.

To assess the signaling activity of IpaD via TLR2, we used the cell-based reporter assay described in [@bib7]. The Assay was performed with the two reporter cell lines NIH3T3 PRR SEAP TLR2-1 and TLR2-6, and the control cell line NIH3T3 SEAP. Cells were seeded in a 96-well plate at a density of 0.3 × 10^5^ cells/well in a final volume of 100 µl culture medium (DMEM supplemented with 10% FCS, 50 U/ml penicillin, 0.05 mg/ml streptomycin, and 2 mmol/liter [l]{.smallcaps}-glutamine). After a cultivation period of 25 h, media were replaced with the respective volume of fresh medium (DMEM, 0.5% FCS), including test samples (different concentrations of IpaD) and controls. Controls included sample buffer PBS, pH 7.0 (negative control), TNF 500 ng/ml (positive control, control cell line without TLR), Pam3CysSK4 1 µg/ml (positive control, TLR2-1 reporter cell line), and FSL-1 1 µg/ml (positive control, TLR2-6 reporter cell line). The spiked control represents the test sample (1 µg/ml IpaD) spiked with the respective positive control. Induction was performed for 18 h at 37°C and 5% CO~2~ and SEAP was detected in the supernatant by use of the substrate (pNPP; *p*-nitrophenyl phosphate). Plates were read using an UV-VIS reader at 405 nm and the software SoftMaxPro (version 5.01; Molecular Devices) for data recording.

### Data presentation and statistical analysis.

Prism 5.0 (GraphPad Software) was used for graphs, and statistical analyses and figures were created using Inkscape software. The Mann Whitney unpaired Student's *t* test was used to compare two groups, and one-way and two-way ANOVA with Bonferroni post-test for comparison of multiple groups and conditions.

### Online supplemental material.

Video 1 presents an animation of confocal imaging of 150-µm-thick tissue sections and shows that *S. flexneri* is found intracellular in B lymphocytes within ILFs. Table S1 shows the regulation of pro- and anti-apoptotic proteins after infection as assessed by a protein-based Apoptosis Array. Tables S2, S3, and S4 present lists of *S. flexneri* strains used in the experiments, primers used for gene expression quantification, and antibodies used for immunoblotting, respectively. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20130914/DC1>.
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